Steady and useful culture for chondrocytes is essential for cartilage regenerative medicine. However, in conventional plate culture, the chondrocytes become dedifferentiated and lose their ability to make cartilage matrices. Three-dimensional culture mimicking the physiological environment in native chondrocytes is useful to maintain the chondrocyte properties during the proliferation culture. However, the three-dimensional culture is practically a hard task due to difficult harvest of the cells. Thus, we attempted to apply porous materials, hollow fibers for the three-dimensional culture, and developed their module to realize the effective harvest of the cells. Polyethersulfone-based hollow fibers, whose safety and cell affinity were confirmed by the experiment of the coculture with human chondrocytes, were collected to fabricate a module. The hollow fiber module was installed with screw ends, and enabled the easy removal of chondrocytes from the inner unit. Cultured human chondrocytes embedded within collagen hydrogel were put into the outer lumen of the hollow fiber module, while chondrocyte prolfieration medium was perfused through the inner lumen at 0 to 30 mL/min. After 2 weeks' culture, the flow rate of 3 to 10 mL/min effectively supported the chondrocyte proliferation. Then, long-term culture using the hollow fiber module at flow rate of 5 mL/min was performed, revealing that the cell growth in this module at 3 weeks was approximately twice larger than that in static culture. The numbers of viable cells could be maintained by week 7. The hollow fiber module installed with screw ends can effectively culture and harvest the chondrocytes.
Introduction
Regenerative medicine has already been practically used in the fields of skin or cartilage treatment and clinically applied worldwide [1, 2] . Also for other organs, the application to general medical care, which would be beneficial for many patients and may be theoretically realizable, has been underway. One of the necessities to promote regenerative medicine is the establishment of efficient cell culture techniques. Various animal cells have been cultured in dishes and flasks and contributed to the analysis of cell functions and pharmacological evaluation of drugs. However, these are generally static and monolayer cultures, being totally different from the three-dimensional physiological conditions in the body. The physiological characteristics of cells are lost in artificial environments, such as monolayer culture. For example, although chondrocytes produce abundant cartilage matrices, such as type II collagen and proteoglycan, under physiological conditions, these are not expressed in monolayer culture at all [3] . Moreover, the space in conventional vessels for the monolayer culture is limited and insufficient for massive cell growth. Thus, it is necessary to develop a three-dimensional culture method to cultivate cells under more physiological conditions and efficiently grow and harvest them.
With the recent development of gene recombination and hybridoma techniques, the production of various human bioactive proteins including interferon and erythropoietin by cell culture has become possible, and various mass culture techniques have been developed for the mass production of these as pharmaceutical ingredients [4, 5] . However, these mass cell culture techniques utilize cultured cells as a means of producing medicinal drugs, and, even though cells can be grown in a large quantity and maintained for a certain period, the techniques lack the viewpoint of harvesting the cells that are keeping the original functions, which is inappropriate for regenerative medicine.
For the purpose of maintaining the properties and functions of chondrocytes during the culture, a threedimensional environment similar to the physiological condition in the body may be favorable. For the chondrocytes, a three-dimensional embedded culture method using collagen hydrogel is proposed, because they are surrounded by abundant collagen matrix in the body [6, 7] . Otherwise, no culture method capable of efficiently changing the medium and harvesting grown cells without damaging them has been established. The objective of the present study was to develop the three-dimensional culture technique for chondrocytes capable of readily harvesting cultured cells in consideration of cartilage regenerative medicine. For that, we attempted efficient substance exchange under the condition of collagen hydrogel-embedded three-dimensional culture by passing porous materials, hollow fibers in the culture and circulating culture medium through the fibers. To realize this system, the hollow fibers were modularized, and a structure to readily harvest cultured cells was added. This hollow fiber module was prepared for the three-dimensional culture of chondrocytes, and the cell growth in usage of this module was evaluated.
Materials and Methods

Preparation of Hollow Fiber Module
The hollow fiber module (Nomura Unison, Chino, Japan) was comprised of polyethersulfone (PES) hollow fibers (innerφ: 0.3 mm, outerφ: 0.5 mm, pore size: 0.2 μm, Figure 1 ) fixed in cylindrical housing, and the inner space of the hollow fibers (lumen) and outer space (ECS) were separated by a sealing material (Figure 2 top and middle). Two tube connections (ports) each were prepared in the ECS and lumen to inject cell suspension and circulate culture medium, respectively. One module contained 394 hollow fibers. The module had a structure enabling the efficient harvest of cells grown in ECS. The external form was comprised of a hollow fiber bundle, housing column accommodating the hollow fiber bundle, and screw caps. The housing column was a double tube, in which the inner tube (inner housing) was fixed into the outer tube (outer housing) using an O-ring seal. The hol- low fibers were fixed to the inner housing with glue. Openings are appropriately made in the lateral sides of the inner housing to enable culture medium and cells to readily move between ECSs in the inner and outer housings (Figure 2 ). Since larger openings are convenient on the assumption of cell harvest after culture, openings were made while leaving a minimal framework for maintaining the structure (Figure 2 top and middle). Culture medium was circulated in the lumen and it leaked into ECS through the porous hollow fibers, replacing cellular substances. Since cells cannot pass through the hollow fiber pores, no leakage of cultured cells into the circulating culture medium occurs. After the completion of culture, the caps were opened, the sleeve was pulled out from the outer housing, and cells in ECS were collected.
Isolation and Preparation of Chondrocytes
All experimental procedures were approved by the Ethics Committee of the University of Tokyo Hospital (approval No. 622). After obtaining informed consent, the perichondrium was detached from about 2 -3 g of residual auricular cartilage excised from microtia patients using a scalpel and cut into 1 mm 3 pieces. These were incubated in 0.15% collagenase (Wako Pure Chemical Industries, Osaka, Japan) solution at 37˚C for 24 hours. The lysate was filtered through a cell strainer with a 100 μm pore size to remove residues, and centrifuged at 500 x g for 5 minutes to isolate human chondrocytes [8] .
The isolated chondrocytes were seeded in a collagen type I-coat plastic tissue culture dish at a density of 2500 cells/cm 2 , and cultured in chondrocyte growth medium (DMEM/F-12 containing 5% human serum, 100 ng/mL FGF-2, and 5 μg/mL insulin, Fuji Soft, Yokoyama, Japan) in a 37˚C/5% CO 2 incubator [9, 10] . The medium was changed twice a week. Cells were treated with trypsin-EDTA solution and passaged before reaching confluence. After passage, the cells were collected and subjected to experiments.
Perfusion Culture of Chondrocytes Using the Hollow Fiber Module
In the hollow fiber module, 300 mL of the chondrocyte growth medium was perfused through the lumen, and a gel mixture of chondrocytes (20,000 cells/mL) embedded within 0.3% atelocollagen (Koken, Tokyo, Japan) was injected into ECS. The cells were cultured at 37˚C, pH 7, and 20% oxygen tension. Caps at both ends of the hollow fiber module were removed, the mixture of cultured cells and atelocollagen hydrogel was aseptically harvested, and cells were recovered by collagenase treatment. The recovered cells were reacted with 200 μL each of lysate and fixation buffers (Chemometec, Gydevang, Denmark), while the cells were counted using a NucleoCounterTM (Chemometec) [11] .
Results
Cell affinity of the hollow fibers was investigated by culturing human cultured auricular chondrocytes in a dish containing autoclaved PES hollow fibers on the bottom (Figure 3) . Cells did not avoid the fibers, and densely grew in regions close to them, confirming that the hollow fibers were possessed sufficient affinity for the cells.
The hollow fiber module was prepared using 394 hollow fibers (Figure 2 top) . The ECS volume in this hollow fiber module was 20 mL, and a structure readily enabling the harvest of cultured cells was added ( Figure  2 top and middle). There were 4 ports in total, and 2 ports each could be connected on the lumen and ECS sides. A mixture of chondrocytes and collagen hydrogel was injected into ECS using the 2 ports on the ECS side, and the ports were closed before perfusion culture. The other 2 ports were used to flow culture medium into the lumen to grow cells. The photograph shown in Figure 2 (bottom) showed the actual cell circuit.
Using this hollow fiber module, a flow rate at which hydrogel could be retained and cells could be grown was investigated. Three flow rates were set: low, middle, and high speeds (3, 10 and 30 mL/min, respectively), and cell growth was compared with that in static culture ( Figure  4 , flow rate: 0 mL/min). At 2 weeks of culture, the cell count was increased by 4 times in static culture, and 6 times in perfusion culture at the low and middle flow rates (Figure 4) . At the high speed, retention of the circuit was difficult because the pressure in the circuit excessively rose and the tubes came off (Figure 4 , 30 mL/min).
When cell growth in culture at a 5-mL/min flow rate, at which cells grew stably, was compared with that in static culture, growth reached a plateau around 6 weeks and approximately 20,000-30,000 cells (increase by approximately 15 times) were grown in static culture, whereas approximately 60,000 cells were grown using the hollow fiber module (increase by approximately 30 times), 2 times more cells than those in static culture, suggesting that this culture system more efficiently promoted cell growth compared to static culture, and the recovery efficiency was sufficient (Figure 5 ).
Discussion
Mass culture of mammalian adhesive cells using a bioreactor requires overcoming limitations different from those in microbial culture. For example, some carriers to support their adhesion are needed using a bioreactor [12] . Protection against physical damage by aeration and stirring is also necessary [13] . Various culture devices and . Evaluation of chondrocyte growth in culture using the hollow fiber module. Chondrocytes proliferated for 2 weeks using the hollow fiber module. A mixture of human chondrocytes and atelocollagen (400,000 cells/20 mL) was injected into ECS, and the flow rate was set at 3, 10, and 30 ml/min. The growth was compared with that in static culture of a mixture with the same cell number and volume cultured in a dish (0 mL/min). At a 30 mL/min flow rate, maintenance of circulation was difficult because of the pressure in the hollow fiber module, and no cell growth was observed (ND). The cell growth at a flow rate of 3 -10 mL/min was more favorable than that in static culture. methods to solve these problems have been proposed. Of these techniques, jar fermenter methods are widely used for the stable mass production of physiological active protein used as a pharmaceutical ingredient [14] . Culture in a hollow fiber module is becoming the mainstream for the production of antibodies as a testing reagent [15] .
Generally, hollow fiber modules used for cell culture contain a hollow fiber bundle fixed in cylindrical housing. The inner space of the hollow fibers (lumen) and outer space (ECS) are separated by a sealing material or adhesive, and each space has 2 tube connections (ports) for circulating culture medium or infusing cell suspension. Previous culture modules were developed mainly aiming at culturing recombinant protein-producing cells or hybridoma and collecting proteins secreted by these cells, not considering the harvest of grown cells. We developed the hollow fiber module for culturing cells, mainly adherent cells, with a structure capable of efficiently collecting the grown cells.
In the previous cell cultures using the hollow fibers, some other methods have been also attempted. The hollow fiber surface was coated with cell adhesion-promoting protein, which enabled cells to be cultured on the surface of the hollow fibers [16] In other case, microcarriers were added into ECS to promote cell adhesion to the matrix and subsequent growth [16] . To collect the adhesive cells, they are generally detached by enzyme treatment, such as trypsin, or deionizing treatment with EDTA [17] . However, it is difficult for the treatment solution to diffuse over the whole space containing cells due to the module structure, while the cell recovery rate seems low. Moreover, other problems occur: cells are damaged by treatment. Thus, the use of these methods to harvest cells for medical use should be avoided.
To avoid the cell detachment treatment, we did not adopt a method promoting the adherence of cells to the hollow fiber surface. To collect the adherent cells, we selected the addition of hydrogel into ECS. By disassembling the module into more than 2 parts after the completion of culture, the hydrogel with cells can be easily collected by exposing ECS and scraping and washing out the hydrogel/cells mixture. The cell recovery was facilitated by adding collagenase. Thus, we prepared the hollow fiber module with structures that can be disassembled, aiming at readily removing the content of ECS, and achieved efficient cell recovery.
Since this three-dimensional mass culture of chondrocytes facilitates the mass production with a high performance, it may lead to a breakthrough in regenerative medicine. At present, the regenerative medicine for cartilage has been mainly applied for local defects of joint cartilage. To increase the area of cartilage regeneration and apply it to osteoarthritis, we have to make total number of cultured chondrocytes higher compared with that obtained by conventional culture, and should establish three-dimensional mass culture technique for chondrocytes. Although in the present culture using the hollow fiber module, we enzymatically dissolved collagen gel to collect cells, this collagen gel may serve as a scaffold for chondrocytes [18, 19] . We prepared the hollow fibers using a non-absorbable material inappropriate for transplantation. However, if hollow fibers can be prepared with an absorbable material, such as biodegradable polymers, hollow fibers containing hydrogel-embedded cells can be taken out and transplanted, which may further facilitate the efficient utilization of cultured cells [20] The hollow fiber module may become an essential tech- nique for regenerative medicine, for which further studies may be necessary.
Conclusion
The hollow fibers were modularized, and a structure to readily harvest cultured cells was added. When we used the hollow fiber module for the three-dimensional culture of chondrocytes, the effective cell growth was confirmed. This three-dimensional culture of chondrocytes seemed to facilitate the mass production with a high performance, which was expected to contribute to the progression of regenerative medicine.
